Abstract: Axons are computational units in neuronal networks. Little is known about relationships between firing frequency and the extent of changes in axonal conduction velocity. Therefore, we stimulated axons extending through microtunnels with various stimulation frequencies, and recorded axonal conduction delays. Additionally, ZD7288, an h-current blocker, was added during stimulation to elucidate the mechanism underlying the change. Changes observed in the first 75 stimuli with a frequency of 20 Hz were smaller than those observed with lower frequencies, a tendency that was abolished by ZD7288. These results suggest that our method is capable of detecting activity-dependent changes in axonal conduction property.
Introduction
The brain is composed of many neuronal networks that are constructed from neurons interconnecting with each other via axons. A number of neuronal network models have been developed to reveal the mechanisms underlying brain functions, such as cognition, learning, and information processing [1, 2] . In these studies, although the firing dynamics of single neurons and neural population were well characterized [3, 4] , the importance of dynamic changes in action potential conduction among neurons was not recognized as the conduction delay was assumed to be constant. Conventionally, action potentials propagating along an axon are considered digital impulses. However, recently, the importance of dynamics in action potential conduction has been recognized after previous studies reported that the waveform and conduction velocity of action potentials were modulated during propagation along the axon in an activity-dependent manner [5, 6] . Therefore, activity-dependent changes in action potential conduction should be taken into account when developing more sophisticated neuronal network models.
Axonal conduction is modulated primarily by two factors. First, the surrounding non-neuronal cells are able to change the axonal waveforms and modulate conduction velocity. Astrocytes have been reported to release glutamate in response to neural activity, which broaden the waveforms of action potentials propagating along the axon via axonal AMPA receptors [5] . Moreover, oligodendrocytes can change their membrane potentials in response to preceding neural activity, and modulate axonal conduction velocity with their myelin sheaths in a membrane potential-dependent manner [7] . Second, repetitive firing changes the functional states of ion channels and ion pumps. Previous studies have reported that high frequency firing led to inactivated Na + channels [8] and hyperpolarized the membrane potential by activating Na + -K + ATPase pump [9] . These changes lead to a decrease in conduction velocity. The latter mechanism is considered a more general mechanism because no other cell is needed. The activity-induced hyperpolarization is compensated by a hyperpolarization-activated current, h-current, through hyperpolarization-activated cyclic nucleotide-gated (HCN) channels. HCN channels are voltage-gated ion channels, which are activated by the membrane hyperpolarization. HCN channels have an important role in regulating excitability of cortical and hippocampal neurons [10, 11] . While HCN channels are highly expressed in distal dendrites of cortical pyramidal neurons [11, 12] , some studies demonstrated that HCN channels are expressed in cortical axons [9, 13] . Moreover, h-current is considered to play a role in maintaining the reliability of axonal conduction [9] .
In the aforementioned studies, changes in axonal conduction were examined with a glass pipette electrodes, and properties of single axon were evaluated by recording intracellular and extracellular potentials [9, 14, 15] . However, recent progress in microfabrication techniques provides a more effective method, namely microtunnel-electrode configurations, which are composed of a microelectrode array (MEA) and microtunnel structures [16] [17] [18] . These devices can be used to evaluate the properties of many axons simultaneously. Lewandowska et al. indicated that spontaneous propagating action potentials recorded from microtunnels were orthodromic axonal conductions from the soma, and that signals from multiple axons overlapped to form complex waveforms [17] . We developed a method to sort mixed signals from multiple axons into clusters representing individual axons, which indicated that spontaneous bursting activity was able to induce slow conduction [18] . However, little is known about the relationship between firing frequency and extent of its influence on conduction delays.
In the present study, we recorded electrically evoked axon responses and evaluated the relationships between stimulation frequency and changes in axonal conduction delays. A microtunnel device was developed with microfabrication techniques, which was capable of recording stimulation-evoked axon responses from 50 microtunnels simultaneously. Axons were stimulated electrically with various frequencies of consecutive 200 stimuli, with or without the h-current blocker ZD7288 to elucidate a role of h-current in conduction changes. Finally, the relationship between stimulation frequency and extent of changes were evaluated. Figure 1 shows a phase contrast image of cultured cells in our culture device. The device has 50 microtunnels that are 50 ţm wide, 1100 ţm long, and 5 ţm high. Since the ceiling of the microtunnel device is lower than the height of neural somas, only axons and dendrites are able to enter. One recording electrode was set at the bottom of each microtunnel approximately 150 ţm from one entrance. A large stimulating electrode was aligned 150 ţm from the other entrance. Thus, the distance between recording and stimulating electrodes was 800 ţm. A previous study reported that conduction velocity of orthodromic propagation was different from that of antidromic propagation along an unmyelinated cortical axon [19] ; therefore, tapered structures were applied to one side of the microelectrodes, near the stimulating electrode, to promote axons entering from a specific side. The culture device was fabricated with photolithography and softlithography, as previously described [20] . Briefly, the microtunnel structures were made by curing polydimethyl siloxane prepolymers (Silpot 184, Dow Corning Toray) on a master mold developed on SU-8 3005 and 3050 photoresists (Microchem). Transparent circuits were developed by etching the indium-tin-oxide with ITO-02N (Kanto Chemical). Then, an insulation layer was developed with OFPR 800 photoresist (Tokyo Ohka). Electrodes were platinized to decrease impedance. The culture device was coated with 0.1% polyethylene imine (Sigma-Aldrich) and 20 ţg/ml laminin (Life Technologies) before cells were seeded.
Materials and Methods

Microfabrication
Cell culture
All experiments were approved by the local ethics committee of the University of Tokyo (C-12-02, KA-14-2) and performed in accordance with the University of Tokyo guidelines for the care and use of laboratory animals. Cortices were dissected from 18-day-old Wistar rat embryos and dissociated with 0.5% trypsin (Life Technologies) diluted in Hanks' buffered salt solution for 20 min at 37
• C. Cortical cells were seeded in the culture device at an initial density of 700 cells/mm 2 and cultured in Neurobasal medium (Life Technologies), supplemented with a set of B27 supplement (Life Technologies), 2 mM GlutaMAX (Life Technologies), and 100 U/ml -100 ţg/ml penicillin-streptomycin (Life Technologies) in a CO 2 incubator (CO 2 5%, 37
• C). Half of the culture media was replaced with fresh media every three days. Since previous reports indicated that cultured cortical neurons matured approximately four weeks after seeding [17, 18] , we performed all experiments after more than 28 days in vitro (DIV).
Activity recording and stimulation procedure
Neural activity was recorded with a MEA stimulation and recording system developed by Jimbo et al. [23] . A platinum wire was set in the culture medium for the reference electrode for recording and stimulation. The extracellular potentials recorded from each electrode were amplified then processed with a band pass filter from 100-2000 Hz. The signal was sampled at 50 kHz and stored. The environment around the culture device was maintained at 37
• C and with 5% CO 2 during all experiments. Two types of experiments were performed to evaluate changes in axonal conduction properties, as shown in Fig. 2 . First, recovery time from conduction changes was evaluated. The set of stimulations consisted of two high-frequency stimulations composed of 200 bi-phasic stimuli (+1 V for 100 ţs, then −1 V for 100 ţs) with intervals of 10 ms and a recovery period that changed from 1 s to 100 s ( Fig. 2A) . The stimulation was repeated five times with 120-s intervals, and evoked responses were recorded. Second, the relationship between stimulation frequency and the extent of changes in conduction delay were evaluated. The set of stimulations was composed of 200 bi-phasic stimuli whose waveforms were same as in the first experiment; however, the stimuli interval varied from 10 ms to 500 ms. The stimulation set was repeated five times with 50-s intervals, and evoked responses were recorded. In order to confirm the contribution of h-current via hyperpolarizationactivated cyclic nucleotide-gated channels in suppressing changes in conduction delays, we repeated the second experiment in the presence of 20 ţM ZD7288, an h-current blocker.
Data analysis
Stimulation triggered waveforms were averaged across 12-ms epochs to identify evoked responses at each stimulation session number. A threshold was set at five times the standard deviation of nonstimulated recorded signals. Negative peaks beyond the threshold were detected from the averaged waveforms. To evaluate the change in conduction velocity, time difference between stimulation and peak times was defined as the conduction delay along the axon. Since evoked response spike amplitudes decrease with consecutive stimulations, particularly in high-frequency stimulations, it was difficult to trace the changes in conduction delays of axons whose initial amplitudes were small. Therefore, only conduction delays from microtunnels whose initial negative peak amplitudes were smaller than 300 ţV were analyzed. In the first experiment, the ratio of conduction delays between the first and second high frequency stimulation set was calculated for each stimulus (i.e. when the conduction delay at stimulus i of set k was expressed as delay i,k , ratio i = delay i,2 / delay i,1 ) to evaluate the difference in conduction delays between the first and second stimulation sets. In the second experiment, the conduction delay ratio was calculated by normalizing the conduction delay with the first stimulus (i.e. when conduction delay at stimulus i was expressed as delay i , delay ratio i = delay i / delay 1 ).
Statistical analysis
All data were expressed as mean ± standard deviation. Statistical significance was detected with Welch's t test with Bonferroni correction. 
Results
Evoked responses were observed 2.31 ± 0.21 ms after the first stimulus (n = 85 microtunnels). Since the distance between the stimulating and recording electrodes was 800 ţm, conduction velocity ranged from 0.318 to 0.381 m/s. Figure 1B shows a superimposed waveform of 200 evoked responses when stimuli were applied at 100 Hz. Spike amplitudes decreased and peak times increased during the consecutive stimuli. Recovery times from the conduction changes were evaluated for the second experiment. Figure 3 shows representative waveforms of evoked responses. When the Recovery time was set to 1 s, an apparent evoked response was observed only for the first stimulus. Meanwhile, axons were able to respond to consecutive stimuli when the recovery time was set to greater than 10 s. Then, delay ratios between the first and second set were calculated. Figure 4 shows the delay ratios at after the first, 10th and 50th stimulus. Amplitudes of the first some responses at the second set were greater than that at the first set in some axons. When the intervals were set to less than 10 s, the ratio varied widely among microtunnels since the low amplitudes made spike detection difficult (Fig. 4 lower panels, error bar). Delay ratios decreased towards 1.00, with increasing the recovery times (1.12 ± 0.04 at 10 s, n = 100 microtunnels; 1.04 ± 0.02 at 20 s, n = 100 microtunnels). When the interval was set to 100 s, delay ratios decreased further to 1.00 ± 0.01, indicating that axons were able to recover from the previous consecutive stimuli. Taken together, we set the recovery time for the second experiment to 50 s. Relationships between stimulation frequency and changes in conduction delay were evaluated across various frequencies of consecutive stimulation. Pharmacological blockade of h-current with ZD7288 was also performed to confirm the contribution of h-current to compensate for the stimulation-induced conduction changes. Figure 5 shows representative waveforms of evoked responses, with or without ZD7288. Clearer increase in delay times and decrease in amplitudes of waveforms were observed in the presence of ZD7288, indicating that the h-current effectively suppressed conduction changes. Figure 6 shows the relationship between stimulation number and changes in conduction delay. When the frequency was set to 2 Hz, the conduction delay ratio increased to 1.21 ± 0.09 with ZD7288, but only 1.07 ± 0.05 without ZD7288 at the 200th stimulus. Conduction delay ratios increased across the entire stimulation with greater than 2 Hz of consecutive stimuli. Interestingly, the change ratio during a 20 Hz stimulation was significantly smaller than that during 5 or 10 Hz, when the stimulation session number was 10 or 20 (p < 0.01, n = 81 microtunnels). These tendencies were not observed in the presence of the h-current blocker. Changes in the delay ratios at 5 Hz were greater than those at 20 Hz, during the first 75 stimuli sessions in the control condition. Additionally, higher frequency stimulation induced greater changes in conduction delays after the 95th stimuli without ZD7288 or in the presence of ZD7288.
Discussion
In this study, cortical axons extending through microtunnels were stimulated with various frequencies, and we examined the relationship between stimulation frequency and the amount of change in the axon's conduction property. Conduction delays increased with consecutive stimuli in a frequencydependent manner. Interestingly, smaller changes were observed in the first 75 stimuli sessions when the frequency was set at 20 Hz; this tendency ceased after blocking the h-current with ZD7288. These results suggest a role of h-current in maintaining the activity-dependent changes in conduction property.
Changes in conduction properties were evaluated with the summated waveform of responses of multiple axons entered into one microtunnel. Conversely, previous studies were able to evaluate conduction properties from the recorded activity of a single axon, with a glass pipettes and high-density MEA [19, 24] . Conduction velocity recorded in the present study was 0.318-0.381 m/s, compared to the velocity of 0.36 m/s in the previous study [25] . Additionally, recovery time in the present study was 50 s, compared to more than 30 s in the previous study [25] . Taken together, these results suggest that the summated waveforms maintain the primary conduction features. Thus, our method is a suitable tool to evaluate activity-dependent changes in the conduction properties of axon more easily. th , and 50 th stimuli, with various recovery periods. Lower panels show the ratio of conduction delays between the first and second set for each stimulus. When the recovery period was set at 10 and 20 s, the ratio was slightly higher than 1; the ratio was almost 1 with a recovery period of 100 s. Error bars indicate standard deviation of the mean. However, a limitation of our method is the difficulty in detecting features in specific axons because of the summation of activity. Further study is needed to optimize the structure of the microtunnels and stimulation procedures in order to evaluate conduction features in rare axons.
Spike waveforms gradually changed during consecutive stimulations. In previous studies, conduction Upper panels show evoked responses to the first, 10 th , and 50 th stimuli, with various recovery periods. Lower panels show the ratio of conduction delays between the first and second set for each stimulus. When the recovery period was set at 10 and 20 s, the ratio was slightly higher than 1; the ratio was almost 1 with a recovery period of 100 s. Error bars indicate standard deviation of the mean.
failures of axon were observed during a repetitive firing, but not a gradual decrease in the amplitude, when evoked responses of individual axons were recorded [9, 26] . Additionally, it was reported that the failure rate increased by increasing the frequency of stimulation and in the presence of ZD7288 [9, 27] . Meanwhile, in the present study, since multiple axons entered each microtunnel, many axons simultaneously responded to the stimulation, and superposition of multiple action potentials were recorded. Conduction failure in some of axons should lead to a decrease in the amplitude of the superimposed waveform. Taken together, the gradual decrease in the amplitude is suggested to result from the conduction failure which occurred in some of axons in the microtunnel.
The conduction delay of cortical axons increased with consecutive stimulation. Previous studies have shown that thin unmyelinated axons of mouse hippocampal neurons decreased their conduction velocity by electrical stimulation with a frequency greater than 1 Hz, which suggests that the conduction slowing mechanism was hyperpolarization of axonal membranes by activation of Na + -K + ATPase [9] . It is reasonable to consider that our results were induced by the same mechanisms, per the following reasons. First, the recorded conduction velocities from previous studies are in the same range as those from our study, and the microtunnels prevented glial cell from contacting the axons. Therefore, the responses from the present study are comparable to those of cortical unmyelinated axons. Second, the application of ZD7288 enhanced the change in conduction delay. Since ZD7288 inhibits the h-current that has been reported to compensate for the hyperpolarization of axonal membranes [9] , the result of this pharmacological treatment supports the hypothesis that hyperpolarization (induced by repetitive firing) causes conduction slowing. Taken together, these results suggest that our device is capable of modeling the activity-dependent changes in the conduction properties of neuronal axons. We found that recovery from preceding stimulation took more than 20 s, but less than 50 s. Although this time may seem to be long, we expect this result because the high frequency of stimulation we employed was greater than that of spontaneous firing at the physiological level. A previous study reported a firing rate of 10 spikes per second for bursting activity in cultured cortical neurons, with the neurons firing approximately 10 spikes [18] . Thus, cultured neurons should require a longer recovery time in the present study due to the strong stimulation. Further investigations using stimulations with a wider range of frequencies and pulse number will be necessary to elucidate the recovery time from physiologically relevant activity-dependent changes in axons.
Amplitudes of the first some responses at the second set were greater than that at the first one in the experiment about the recovery time. Sasaki et al. showed that waveforms of action potentials measured at the axon changed through AMPA receptor intake of glutamate released by surrounding astrocytes [5] . In this study, multiple axons entered one microtunnel; therefore, glutamate released from on axon would be able to bind AMPA receptors on other axons. AMPA receptors expressed on the axon are a possible reason for the increase in the amplitude. CNQX, an antagonist of AMPA receptors, can be used to test this hypothesis.
Changes in conduction delay depended on stimulation frequency. Interestingly, the extent of the delay change around 20 Hz was smaller than that of lower frequencies for first 75 stimuli sessions. A possible reason could be the timing of HCN channel openings. HCN channels open when the membrane potential hyperpolarizes. Additionally, higher stimulation frequencies effectively cause hyperpolarization of the cell membrane. Therefore, the timing of HCN channel opening should differ among various stimulation frequencies. Moreover, when the h-current was blocked with ZD7288, higher frequency stimulation caused a greater increase in the conduction delay. This result supports the contribution of h-current in the frequency-dependent conduction delays. Since the blockade of hcurrent enhances the increase in conduction delay, a relatively large change may disrupt the frequencydependency. Further study with pharmacological reagents is required for revealing the mechanism.
Conclusion
Activity-dependent changes in axonal conduction velocities have a computational capacity within a neuronal network. Including this capability in neuronal network models will help develop more sophisticated models. However, little is known about the relationships between firing frequency and changes in conduction velocity. Here, we stimulated axons guided by microtunnels with various frequencies and recorded the evoked responses. Axonal conduction delays increased with consecutive stimulation; blocking h-current enhanced this delay increase. Moreover, when the stimulation frequency was set at 20 Hz, a smaller change was observed than for the 10 and 50 Hz stimulations in the control condition; blocking the h-current ceased this tendency, suggesting a role for the h-current in maintaining the frequency-dependent delay increase. These results suggest that our method is suitable to evaluate activity-dependent changes in axonal conduction and their underlying mechanisms.
